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During developmental remodeling, neurites destined
for pruning often degenerate on-site. Physical injury
also induces degeneration of neurites distal to the
injury site. Prompt clearance of degenerating neu-
rites is important for maintaining tissue homeostasis
and preventing inflammatory responses. Here we
show that in both dendrite pruning and dendrite
injury ofDrosophila sensory neurons, epidermal cells
rather than hemocytes are the primary phagocytes in
clearing degenerating dendrites. Epidermal cells act
via Draper-mediated recognition to facilitate dendrite
degeneration and to engulf and degrade degenerat-
ing dendrites. Using multiple dendritic membrane
markers to trace phagocytosis, we show that two
members of the CD36 family, croquemort (crq) and
debris buster (dsb), act at distinct stages of phago-
some maturation for dendrite clearance. Our finding
reveals the physiological importance of coordination
between neurons and their surrounding epidermis,
for both dendrite fragmentation and clearance.
INTRODUCTION
During development, many neurons remodel their dendritic
arbors and axon projections to establish functional circuits, often
involving pruning of dendrites and axons (Luo and O’Leary,
2005; Williams and Truman, 2005) undergoing degeneration
similar to that induced by physical injury or pathological condi-
tions (Saxena and Caroni, 2007; Tao and Rolls, 2011). In both
pruning and pathological degeneration, neuronal debris needs
to be swiftly removed. Efficient clearance of neuronal debris
not only facilitates neurite regrowth (Hall, 2005) but also prevents
inflammation, which could cause or exacerbate neurodegenera-
tion (Frank-Cannon et al., 2009).
Similar to apoptotic cells, degenerating neuronal processes
are cleared via engulfment by phagocytes. Besides professional
phagocytes such as macrophages, several other cell types can544 Neuron 81, 544–560, February 5, 2014 ª2014 Elsevier Inc.play the role of phagocytes in organisms ranging from worms
to mammals (Etchegaray et al., 2012; Inoue et al., 2000; Ishizaki
et al., 1993; Li and Baker, 2007; Wood et al., 2000; Zhou et al.,
2001). Phagocytosis of degenerating axons is mainly carried
out by glia in the central nervous system (CNS) (Aldskogius
and Kozlova, 1998; Awasaki and Ito, 2004; MacDonald et al.,
2006; Watts et al., 2004) and sometimes assisted by macro-
phages in the peripheral nervous system (PNS) (Hall, 2005).
The elimination of degenerating dendrites in the CNS is most
likely also executed by glia (Marı´n-Teva et al., 2004). It is unclear
how degenerating peripheral neurites, such as insect sensory
dendrites and vertebrate sensory axons innervating the skin,
are cleared. Although macrophage-like hemocytes have been
reported to engulf dendrite debris during pruning of Drosophila
sensory dendrites (Williams and Truman, 2005), it is unknown
whether hemocytes are primarily responsible for clearing the
massively pruned dendrites during metamorphosis or the
degenerating dendrites resulting from injury.
Studies of glia-mediated clearance of degenerating axons
resulting from pruning or injury in Drosophila have revealed the
important role of the engulfment receptor Draper (Drpr), used by
phagocytes in engulfing cell corpse, axon debris, and destabi-
lized synaptic boutons (Awasaki et al., 2006; Cuttell et al., 2008;
Etchegaray et al., 2012; Fuentes-Medel et al., 2009; MacDonald
et al., 2006). The CD36 family is also implicated in phagocytosis
(Silverstein and Febbraio, 2009; Stuart and Ezekowitz, 2008). In
mammals, CD36 acts together with thrombospondin and integ-
rins for engulfment of apoptotic cells in vitro (Savill et al., 1992).
ADrosophilaCD36 family member, Croquemort (Crq), is required
for efficient clearance of apoptotic cells by embryonic macro-
phages (Franc et al., 1999). The Drosophila genome encodes
fourteen CD36 family members (Nichols and Vogt, 2008). Crq
andPeste (Pes) have been implicated in phagocytosis of bacterial
pathogens (Philips et al., 2005; Stuart et al., 2005), but the roles of
the CD36 family in the clearance of apoptotic cells or cellular
debris have not been systematically explored.
Once engulfed by phagocytes, neuronal debris undergoes
degradation through the endosome-lysosome pathway (Doherty
et al., 2009; Song et al., 2008; Watts et al., 2004), probably
resembling the phagocytosis of apoptotic cells by professional
phagocytes. Engulfment of cell corpses produces nascent
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form into early phagosomes, late phagosomes, and ultimately
phagolysosomes (Botelho and Grinstein, 2011; Kinchen and
Ravichandran, 2008; Zhou and Yu, 2008). Phagosome matura-
tion is a highly coordinated process that involves membrane
fission and fusion with endosomes and lysosomes under the
control of vesicle-trafficking regulators such as Rab GTPases.
During this process, phagosomes become increasingly acidified
and hydrolase-rich, leading to degradation of internalized parti-
cles. Studies of phagosome maturation traditionally involve
examining the engulfment of opsonized particles or microbes
by isolated macrophages and cultured cells. Recent genetic
studies and live imaging have examined the in vivo function of
phagosome components in C. elegans (Zhou and Yu, 2008).
Notwithstanding the significant knowledge gleaned for the major
steps of phagosomematuration, further development of markers
that label discrete steps of phagosomal acidification and degra-
dation will improve our understanding of this cellular process.
Drosophila dendritic arborization (da) neurons have emerged
as a useful system for studying both developmentally regulated
and injury-induced dendrite degeneration. The da neurons are
multidendritic sensory neurons growing underneath the body
wall. Dendritic arbors of da neurons degenerate during meta-
morphosis as a result of apoptosis or dendrite pruning (Kuo
et al., 2005; Williams and Truman, 2005). Severing of larval da
neuronal dendrites also triggers degeneration of distal den-
drites (Song et al., 2012; Tao and Rolls, 2011). In this study, we
explored the roles of different cell types in the clearance of de-
generating dendrites and found that the adjacent epidermal cells
are primarily responsible for the removal of dendrite debris. We
used a series of dendritic markers to trace the maturation of
phagosomes containing engulfed dendrite debris in vivo and
delineated the sequential actions of several genes in the phago-
cytosis pathway. We found that loss of function of crq caused
extensive phagosome fusion accompanied with inefficient
degradation but did not affect engulfment of dendrite debris.
We further identified another CD36 family member, which we
named Debris buster (Dsb), with essential roles at the late stage
of phagosomematuration. Moreover, efficient dendrite fragmen-
tation requires coordination between dendrites and the adjacent
phagocytic epidermal cells. Together, these results reveal that
epidermal cells are active participants in the destruction of de-
generating dendrites both in dendrite remodeling and following
injury, and they provide a genetic platform for uncovering
the molecular mechanisms of engulfment and phagosome
maturation.
RESULTS
Degenerating Dendrites Are Primarily Cleared by the
Epidermal Epithelium Rather Than by Macrophages
By using ppk-CD4-tdGFP that specifically and brightly labels all
dendritic processes of class IV da neurons (Han et al., 2011), we
monitored dendrite degeneration and the disappearance of
dendrite debris in vivo and chose to focus on the dorsal class
IV da neuron ddaC for consistency. Soon after the larva enters
the prepupal stage (puparium formation) (Figure 1A), ddaC initi-
ates a series of dendrite destruction programs including shed-ding of membrane vesicles called ‘‘shedosomes,’’ severing of
proximal dendrites, thinning and beading of low-order branches,
and dendrite fragmentation (Han et al., 2011; Kuo et al., 2005;
Lee et al., 2009; Williams and Truman, 2005). By the end of pre-
pupal stage at 12 hr after puparium formation (APF), all proximal
dendrites had been severed and the majority of dendrites had
degenerated and disappeared (Figure 1B). Dendrite degenera-
tion and clearance was complete by 16 hr APF (Figure 1C). For
the dendrite injury model, we severed proximal dendrites of
ddaC near the soma (arrowhead in Figure 1D) in the larva at
72 hr after egg laying (AEL) with an infrared laser, which induces
degeneration of all dendrites distal to the injury site (Song et al.,
2012). The severed dendrites showed signs of degeneration,
such as blebbing and fragmentation, at 3 hr after injury (AI) (Fig-
ure 1D) and mostly broke down by 6 hr AI (Figure 1D0). By 12 hr
AI, dendrite debris had been completely cleared (Figure 1D00).
Which cell type is responsible for clearing disintegrated den-
drites? Drosophila macrophages, or plasmatocytes, are profes-
sional phagocytes of the hemocyte lineage that clear apoptotic
cells during development and engulf invading microorganisms
as the major means of innate immunity (Braun et al., 1998;
Tepass et al., 1994). Whereas plasmatocytes need to penetrate
the extracellular matrix to access dendrites (Han et al., 2012),
they have been observed to engulf and carry pruned dendrites
of da neurons (Williams and Truman, 2005). We re-examined
the role of plasmatocytes by conducting time-lapse imaging of
dendrite pruning with ppk-CD4-tdGFP to mark class IV da neu-
rons and pxn-Gal4 UAS-CD4-tdTom to label plasmatocytes (Fig-
ure S1A available online). Duringmetamorphosis, plasmatocytes
extended membrane protrusions and migrated along the body
wall, but rarely engulfed dendrite debris (Movie S1). We only
observed two plasmatocytes engulfing dendrite membrane
during the pruning of 23 neurons monitored with time-lapse
imaging. Similar results were obtained with another hemocyte-
specific driver hmlD-Gal4 (data not shown). Moreover, genetic
ablation of plasmatocytes via the expression of proapoptotic
genes reaper (rpr) and Wrinkled (W) with pxn-Gal4 (Figure S1B)
did not affect the clearance of degenerating dendrites (Figures
S1C0 and S1D0), although some dendrites failed to fragment in
a subset of segments by 18 hr APF (Figures S1C and S1D). In
the dendrite injury model, plasmatocyte ablation appeared to
delay dendrite fragmentation when examined at 5.5 hr AI (Fig-
ures S1E and S1F) but did not prevent degeneration or clearance
of injured dendrites by 10 hr AI (Figures S1G and S1H). The effec-
tiveness of plasmatocyte ablation was confirmed by the absence
of intact plasmatocytes labeled by pxn-Gal4 UAS-CD4-tdTom
(Figures S1B, S1D0, S1F, and S1H). These data demonstrate
that plasmatocytes are not required for the clearance of degen-
erating dendrites, although they appear to contribute to dendrite
fragmentation.
Dendrites of larval da neurons grow along the basal surface of
the epidermal epithelium (Han et al., 2012; Kim et al., 2012). In
pupae with epidermal cells labeled by Gal45-56-driven tdTomato
(tdTom), newly formed dendrite debris quickly dispersed into the
epidermal layer before disappearing (Figure 1E). Similarly, debris
derived from injured dendrites also entered the larval epidermal
layer labeled by Gal4A58 UAS-tdTom before disappearing (Fig-
ure 1F). These observations led us to propose and test theNeuron 81, 544–560, February 5, 2014 ª2014 Elsevier Inc. 545
Figure 1. Epidermal Epithelia Clear Dendrite Debris during Dendrite Pruning and after Dendrite Injury
(A–D00) Time course of dendrite degeneration of class IV da neurons labeled by ppk-CD4-tdGFP during dendrite pruning (A–C) and after dendrite injury (D–D00). The
cell bodies are indicated by arrows in (A)–(C) and the sites of injury are indicated by arrowheads in (D)–(D00).
(E) Time-lapse images of a terminal dendrite undergoing fragmentation during pruning. The upper panels show z axis projections. The bottom panels are y axis
projections of the volumes encompassed between the two dotted lines showing the relative position of dendrites and dendrite debris labeled by CD4-tdGFP
(green) and epidermal cells labeled by tdTom (magenta) along the apical-basal axis.
(F) Dendrites undergoing degeneration at 6 hr after injury (AI). The enlarged views of the boxed regions are shown in the panels on the right.
(G) A diagram illustrating cross sections of the body wall and the dislocation of dendrite debris into the epidermal cell layer after dendrite fragmentation.
(H and I) Dendrite debris labeled by CD4-tdGFP in Gal45-56 > mCherry control (H) and Gal45-56 > shits, mCherry (I) incubated at 29C from 3–9 hr after puparium
formation (APF).
(J and K) Dendrite debris labeled by CD4-tdGFP inGal4A58 > tdTom control (J) andGal4A58 > shits, tdTom (K) incubated at 29C from 0–18 hr AI. The details of the
boxed regions in (K) are shown in the panels on the right.
Scale bars represent 50 mm in (A)–(C); 20 mm in (D)–(D00), (J), and (K); 5 mm in (E), (F0), and (F00); and 10 mm in (F), (H), and (I). See also Figure S1 and Movie S1.
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dendrite debris (Figure 1G).
In C. elegans, dynamin is required for phagocytes to extend
their membrane around cell corpses (so called ‘‘pseudopod
extension’’) (Yu et al., 2006). While dendrite debris was efficiently
removed in control Drosophila prepupae raised at 29C (Fig-
ure 1H), inhibition of Drosophila dynamin Shibire (Shi) through
overexpressing the temperature-sensitive allele shits specifically
in epidermal cells prevented clearance of dendrite debris (Fig-
ure 1I); the remaining dendrite fragmentsmaintained the dendrite
branching patterns at the basal side of epidermal cells (bottom
panel of Figure 1I). Similarly, debris of injured dendrites was
completely cleared in control larvae raised at 29C by 18 hr AI
(Figure 1J), while epidermal expression of shits potently blocked
the spreading of debris into larval epidermal cells and its subse-
quent degradation (Figure 1K). Shits-expressing animals showed
normal speed of dendrite clearance at the permissive tempera-
ture 18C in both dendrite pruning (Figures S1I and S1J) and
dendrite injury (Figures S1K and S1L). These results reveal that
epidermal cells are themain phagocytes in clearing degenerating
dendrites both during dendrite pruning and after dendrite injury.
Dendritic Markers for Analyzing the Progression of
Phagocytosis of Degenerating Dendrites In Vivo
The CD4-tdGFP marker allows us to trace degeneration and
clearance of dendrites in live animals but does not provide
further information on how dendrite-derived phagosomes
mature once GFP loses fluorescence or undergoes proteolysis.
Unlike GFP, derivatives of the Anthozoa fluorescent protein
DsRed, such as tdTom, are highly stable and resistant to
degradation mediated by both proteasomes and lysosomes
(Katayama et al., 2008; Verkhusha et al., 2003). In animals ex-
pressing ppk-CD4-tdGFP and ppk-CD4-tdTom, tdTom labeled
a much broader pattern of dendrite debris than GFP during
dendrite pruning (Figures 2A–2A00). In fact, the entire epidermal
epithelium was occupied by small GFP, tdTom+ particles by
12 hr APF (Figures S2A–S2A00). In later pupal stages (16–20 hr
APF), while GFP signal was absent (Figure 2B), tdTom signal
was gradually enriched in large, patchy structures in every
epidermal cell (Figure 2B0) and persisted until new epidermal
cells derived from histoblast nests eventually replaced larval
epidermal cells (data not shown). Most of the small vesicles
and large patchy structures coincided with the late phago-
some/phagolysosome marker Rab7-GFP and the phagolyso-
some marker GFP-LAMP expressed by epidermal cells (Figures
2C–2D00), suggesting that they are phagolysosomes (Botelho and
Grinstein, 2011; Pulipparacharuvil et al., 2005). Similarly, with
larval dendrite injury, tdTom marked many more particles than
GFP (Figures S2B–S2B00); tdTom signals eventually disappeared
by 20 hr AI (Figure S2E0). The sustained labeling of phagosomes
by the dendritic marker CD4-tdTom thus offers a unique advan-
tage for analyzing late stages of phagosome maturation.
Immediately after completion of engulfment the nascent phag-
osomes undergo initial acidification, reducing the pH from
neutral to below 6.5 (Botelho and Grinstein, 2011). We therefore
fused ecliptic pHluorin to the extracellular side of CD4-tdTom to
generate the membrane-associated pH sensor (MApHS) (Fig-
ure 2E) for monitoring pH changes. Ecliptic pHluorin (Miesen-bo¨ck et al., 1998) is brightest at pH 7.5 under 475 nm excitation
but gets dimmer as pH drops and loses fluorescence at pH
below 6.0. Dendrite debris labeled by MApHS is expected to
lose green fluorescence of pHluorin and retain red fluorescence
of tdTom upon initial acidification of phagosomes (Figure 2F).
Indeed, in areas where dendrite debris was continuously gener-
ated, pHluorin in ppk-MApHS only labeled a subset of tdTom+
puncta in dendrite pruning (Figures 2G–2G00) and after dendrite
injury (Figures S2C–S2C00). Time-lapse imaging of dendrite prun-
ing revealed that MApHS quickly lost pHluorin signals upon she-
dosome formation (Figures 2H–2H00 and Movie S2) or dendrite
fragmentation (Movie S3), suggesting that epidermal cells effi-
ciently engulf disintegrated dendrites. The loss of pHluorin sig-
nals is due to quenching rather than degradation, as washing
the samples with pH-neutral buffer after fixation restored green
signals in many phagosomes (Figures S2D–S2D00).
Together, the dendritic markers CD4-tdGFP, CD4-tdTom, and
MApHS constitute a toolkit for analyzing phagosome maturation
during dendrite clearance by epidermal cells.
Testing Dendritic Markers in Genetic Dissection of
Dendrite Clearance
Phagocytes clear cell corpses or cellular debris through several
distinct stages. Besides dynamin in pseudopod extension,
GTPases Rab5, Rab7, and lysosome-associated-membrane
protein 1 (LAMP1) are key components of early phagosomes,
late phagosomes, and phagolysosomes, respectively (Botelho
and Grinstein, 2011). The functions of these molecules in
phagocytosis have been studied in C. elegans and mammalian
phagocytes (Huynh et al., 2007; Kinchen and Ravichandran,
2008; Zhou and Yu, 2008) but are largely uncharacterized
in Drosophila. To test the utility of the three dendritic markers
in analyzing various stages of dendrite clearance, we exam-
ined the loss-of-function phenotypes of shi, Rab5, Rab7, and
Lamp1 in epidermal cells using the gene expressionwith an inde-
pendent enhancer-driven cellular marker (GEEM) strategy (Han
et al., 2011) by expressing RNA interference (RNAi) constructs
or dominant-negative alleles.
We first analyzed dynamin by epidermis-specific expression
of shits. The pHluorin on MApHS-labeled dendrite debris in
both pruning (Figures 3A and 3B0) and injury (Figures 3G and
3H0) models was completely quenched/degraded in control ani-
mals at 29C (Figures 3A, 3G, and 3O) but retained signals in the
same dendritic patterns as tdTom when shits was expressed in
epidermal cells (Figures 3B, 3B0, 3H, 3H0, and 3O), consistent
with the role of dynamin in engulfment. In contrast, Shits expres-
sion did not prevent the quenching of pHluorin at the permissive
temperature 18C (Figures S3A–S3D0). For both pruning (Figures
3C–3D0) and injury (Figures 3I–3J0), Rab5 knockdown
blocked the quenching of pHluorin on MApHS-labeled dendrite
debris (Figures 3D, 3D0, 3J, 3J0, and 3O). Unlike dynamin
inhibition, persisting dendrite debris in Rab5 knockdown was
dispersed in the epidermal layer, consistent with the requirement
of Rab5 in the initial acidification of phagosomes rather than
engulfment. For Rab7 knockdown and subsequent RNAi exper-
iments in pupae, we restricted the expression of RNAi constructs
to the posterior half of every segment (En+) so that the anterior
(En) epidermal cells can serve as internal controls. Rab7Neuron 81, 544–560, February 5, 2014 ª2014 Elsevier Inc. 547
Figure 2. Dendritic Markers for Analyzing Engulfment of Dendrite Debris and Phagolysosome Maturation
(A–B00) Comparison of CD4-tdGFP and CD4-tdTom in labeling dendrite-derived phagosomes during dendrite pruning.
(C–D00) Colocalization of dendrite-derived tdTom with Rab7-GFP (C–C00) and GFP-LAMP (D–D00) at 18 hr APF.
(E) Diagram of the domain structure and topology of the MApHS marker. CD4 TM: CD4 transmembrane domain.
(F) Diagram of using MApHS to monitor the initial acidification of dendrite-derived phagosomes.
(G–G00) Labeling of dendrite debris by MApHS during dendrite pruning.
(H–H00) Time-lapse images ofMApHS-labeled degenerating dendrites showing quenching of pHluorin in a newly formed shedosome (arrow). In all merged panels,
GFP and pHluorin signals are in green and tdTom signals are in magenta.
Scale bars represent 10 mm in all panels. See also Figure S2 and Movies S2 and S3.
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Figure 3. Dissecting Phagocytosis of Dendrite Debris with Dendritic Markers
(A–B0) Clearance of pruned dendrites in Gal45-56 control (A and A0) and Gal45-56 > shits (B and B0 ) at 29C during 3–9 hr APF.
(C–F0 ) Clearance of pruned dendrites in the wild-type (WT) (C and C0) and animals with epidermis-specific knockdown of Rab5 (Rab5-i) (D and D0), Rab7 (Rab7-i)
(E and E0), and Lamp1 (Lamp1-i) (F and F0) in pupae. The expression of UAS-RNAi was driven byGal45-56 (D and D0 ) or by en-Gal4 (E–F0) in the posterior half of each
abdominal segment (En+); thus the anterior half (En) serves as an internal control. The boundaries between En+ cells and En cells are marked by dotted lines.
(G–H0) Clearance of injured dendrites in Gal4A58 control (G and G0) and Gal4A58 > shits (H and H0) at 29C during 0–18 hr AI.
(I–N) Clearance of injured dendrites in WT (I and I0 ) and animals withGal4A58-driven epidermis-specific knockdown of Rab5 (J and J0), Rab7 (K and L), and Lamp1
(M and N) in larvae. Scale bars represent 10 mm.
(O) Quantification of dendrite clearance phenotypes in shits overexpression and Rab5 knockdown in both dendrite pruning and dendrite injury models. The
retention of pHluorin and tdTom signals is reflected by the percentage of signal+ pixels (% of signal+ area).
(P) Quantification of dendrite clearance phenotypes in the knockdown of Rab7 and Lamp1 in both dendrite pruning and dendrite injury, showing percentages of
tdGFP+ and tdTom+ areas. TdTomwas not quantified for dendrite pruning as it also persisted in the WT. For dendrite pruning, En areas were used as controls.
Error bars show SEM. ***p < 0.001; ns, not significant; one-way analysis of variance and Dunnett’s test for Rab7-i and Lamp1-i in dendrite injury and Student’s
t test for the rest.
(Q) Diagram showing the stages at which the labeled genes are required for dendrite clearance and the labeling of phagosomal compartments by the dendritic
markers in both larval (solid bars) and pupal (open bars) epidermis.
See also Figure S3.
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Epidermal Cells Clear Degenerating Dendritesknockdown resulted in clearance defects in both dendrite prun-
ing (pupae) and dendrite injury (larvae) as indicated by the lack of
tdTom+ patchy phagolysosomes in the pupa (Figure 3E0, En+
cells) and the presence of tdTom+ vesicles in the larva (Figures
3L and 3P). Although it did not interfere with pHluorin quenching
(data not shown), loss of Rab7 partially blocked GFP degrada-
tion in dendrite pruning (pupa) (Figures 3E and 3P) but not afterdendrite injury (larva) (Figures 3K and 3P). Knockdown of the
onlyDrosophila LAMPgene, Lamp1, resulted in similar clearance
defects in both dendrite pruning and dendrite injury: arrest of the
maturation of tdTom-labeled phagosomes (Figures 3F0, 3N, and
3P) without compromising GFP degradation (Figures 3F, 3M,
and 3P). The effectiveness and specificity of Rab5 and Rab7
RNAi constructs were confirmed by their ability to suppressNeuron 81, 544–560, February 5, 2014 ª2014 Elsevier Inc. 549
(legend on next page)
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but not when the order is reversed (Figures S3E–S3I). We were
not able to determine the effectiveness of Lamp1 RNAi due to
the lack of Lamp1-GFP or a good antibody against Lamp1.
In the above experiments, Rab7 RNAi-expressing epidermal
cells and wild-type (WT) epidermal cells showed differential abil-
ities in degradingGFP (Figures 3K and 3E) and tdTom (Figures 3I0
and3C0), respectively, indendrite injury (larval) anddendriteprun-
ing (pupal) models. However, when we induced dendrite injury at
the white pupa stage, the clearance of these injured dendrites in
Rab7 RNAi-expressing epidermal cells (Figures S3J and S3J0)
and WT epidermal cells (Figure S3K) was similar to what was
observed in dendrite pruning, suggesting that the capacity of
the degradationmachinery in pupal epidermal cells is attenuated
compared to that of larval epidermal cells. Based on the roles of
dynamin, Rab5,Rab7, and Lamp1 in phagocytosis and their loss-
of-function phenotypes in pupae and larvae, we determined the
stages of phagosome maturation that can be differentially
labeled by the three dendritic markers in both pupal (open bars
in Figure 3Q) and larval (solid bars in Figure 3Q) epidermal cells.
drpr Is Required for Engulfment of Dendrite Debris by
Epidermal Cells
With these tools, we sought to elucidate the molecular mecha-
nisms of engulfment and phagosome maturation by identifying
relevant genes, starting with genes implicated in phagocytosis
in Drosophila. The engulfment receptor Drpr is involved in the
removal of da dendrites during pruning (Williams et al., 2006).
To test whether drpr is required by epidermal cells to clear
dendrite debris, we examined epidermis-specific knockdown
of drpr with the MApHS and CD4-tdGFP markers (Figures 4A–
4B, and 4G–4H) and confirmed the results in drprD5/Df(3L)
BSC181 mutants (Figures 4C–4D and 4I–4J, compared to WT
in Figures S4A and S4B and Figures 4E and 4F). Consistent
with a role in engulfment, drpr knockdown blocked pHluorin
quenching (Figures 4A, 4G, and 4K) and GFP degradation
(Figures 4B, 4H, and 4M), with the dendrite debris retaining the
pattern of intact dendrites in the larvae. drprD5/Df(3L)BSC181
mutants showed clearance defects (Figures 4C–4D, 4G–4H,
and 4K–4M) similar to those caused by drpr knockdown. Loss
of drpr function produced weaker engulfment phenotypes in
pupae than in larvae, as indicated by the acidification of many
phagosomes (Figures 4A00 and 4C00) and the lower ratio of
pHluorin+ areas over tdTom+ areas (Figure 4L) in pupae, raising
the possibility that Drpr is not solely responsible for engulfment
of dendrite debris for dendrite pruning. For glial clearance ofFigure 4. drpr Is Required for Engulfment of Dendrite Debris by Epider
(A–B) Dendrite clearance defects during dendrite pruning in pupae expressing d
(C–D) Clearance of pruned dendrites in drprD5/Df(3L)BSC181 mutant pupae.
(E–J) Dendrite clearance in the dendrite injury model in WT larvae (E–F), larvae ex
larvae (I–J). The dendritic markers and stages of animals are labeled. In merged pa
Scale bars represent 10 mm.
(K) Quantification of pHluorin and tdTom signals in drpr knockdown and mutant.
(L) Ratios of pHluorin+ areas over tdTom+ areas in drpr knockdown and mutant, r
as tdTom was not retained in WT (N/A, not applicable).
(M) Quantification of tdGFP signals in drpr knockdown andmutant. Error bars show
one-way analysis of variance and Dunnett’s test for dendrite injury.
See also Figure S4.apoptotic neurons in the developing CNS, drpr functions down-
stream of a bridging molecule six-microns-under (simu) after
engulfment (Kurant et al., 2008). We found that, similar to WT
controls (FiguresS4CandS4E), the simu null mutant showed effi-
cient clearance of CD4-tdGFP-labeled dendrite debris (Figures
S4E and S4F). Our studies thus reveal that Drpr but not Simu is
required for epidermal cells to engulf degenerating dendrites.
crq Is Required for Phagosome Maturation but Not
Engulfment in Dendrite Clearance
The CD36 family member Crq is required for efficient phagocy-
tosis of apoptotic cells in Drosophila embryos (Franc et al.,
1999). To test whether crq is involved in dendrite clearance, we
knocked down crq in the epidermis and found strong clearance
defects as indicated by the absence of tdTom-labeled patchy
phagolysosomes in pupal epidermal cells (Figures 5A0 and 5B0)
and the presence of tdTom+ phagosomes in larval epidermal cells
(Figures5E0 and5I). pHluorinwasdetectable invery fewvesicles in
pupae (Figures 5A and 5I) but wasmostly absent in larvae (Figures
5E and 5I). The ratios of pHluorin+ areas over tdTom+ areas in crq
knockdown were low compared to drpr knockdown (Figure 5J),
indicative of normal engulfment. Comparison of GFP and tdTom
signals revealed partial degradation of GFP in pupae (Figures
5B–5B00 and 5K) but complete removal of GFP in larvae (Figures
5F and 5K). These data suggest that crq is not required for the
engulfment of dendrite debris by epidermal cells but is necessary
for phagosome maturation beyond the initial acidification.
The lack of engulfment defects in the crq knockdown is
unexpected given earlier in vitro studies implicating Crq and
human CD36 in the engulfment of apoptotic cells (Franc et al.,
1996; Savill et al., 1992). Having obtained identical results with
two crq RNAi lines that have no predicted off-targets, we next
examined crqKG01679, which harbors a P element insertion in
the promoter region of the crq locus, in trans-heterozygote
with crq deficiency Df(2L)al, as well as a crq knockout null allele
(crqko). We generated crqko to delete the entire coding region
by using ‘‘end-out’’ gene targeting (Gong and Golic, 2003) (Fig-
ure S5E) and then validated it as a null mutant via genomic
PCR (Figure S5F) and immunostaining (Figure S5G). Both
crqKG01679/Df(2L)al mutants (Figures S5A–S5D and 5I–5K) and
crqko animals derived from homozygous mutant mothers (Fig-
ures 5C–5D, 5G–5H, and 5I–5K) showed the same clearance
defects as crq knockdown, confirming a role for crq in phago-
some maturation. Together, these results demonstrate that Crq
plays a specific role in phagosome maturation but not in engulf-
ment during dendrite clearance by epidermal cells.mal Cells
rpr RNAi driven by en-Gal4.
pressing drpr RNAi driven by Gal4A58 (G–H), and drprD5/Df(3L)BSC181mutant
nels, GFP and pHluorin signals are in green and tdTom signals are in magenta.
eflecting the extent of pHluorin quenching. This ratio was not calculated for WT
SEM. ***p < 0.001; ns, not significant; Student’s t test for dendrite pruning and
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Figure 5. Crq Is Required for Phagosome Maturation during the Clearance of Dendrite Debris
(A–B00) Dendrite clearance defects during dendrite pruning in crq knockdown.
(C–D) Dendrite clearance defects during dendrite pruning in homozygous germline-derived crqKO mutant pupae.
(E–F) Dendrite clearance defects in the dendrite injury model caused by Gal4A58-driven crq knockdown.
(G–H) Dendrite clearance defects in the dendrite injury model of homozygous germline-derived crqKOmutant larvae. In merged panels, GFP and pHluorin signals
are in green and tdTom signals are in magenta. Scale bars represent 10 mm.
(I) Quantification of pHluorin and tdTom signals in crq knockdown and mutants.
(J) Ratios of pHluorin+ areas over tdTom+ areas in crq knockdown and mutants with drpr knockdown shown as a comparison. N/A, not applicable.
(K) Quantification of tdGFP signals in crq knockdown and mutants.
Error bars show SEM. **p < 0.01, ***p < 0.001; ns, not significant; Student’s t test for dendrite pruning and one-way analysis of variance and Dunnett’s test for
dendrite injury. See also Figure S5.
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Epidermal Cells Clear Degenerating DendritesLoss of crq Leads to Homotypic Phagosome Fusion
during Phagosome Maturation
The arrested phagosomes in crq mutant epidermal cells ap-
peared to be variable in size and brightness. Because the size
difference of phagosomes may originate from engulfed dendrite
fragments or phagosome fusion and fission, we examined the
morphology of phagosomes in crqKG01679/Df(2L)al epidermal
cells by transmission electron microscopy (TEM). HRP-DsRed-
GPI (Han et al., 2012) expressed on dendrites can be used to
trace dendrite-derived phagosomes with DAB staining, as HRP
remains active in degradative compartments (Dubois et al.,
2001). Without postembedding heavy metal staining and HRP
expression, lysosomes/phagolysosomes in epidermal cells
at 16 hr APF appear pale (Figure 6A), while phagolysosomes
derived from HRP-labeled dendrite debris had dark staining
(Figures 6B and 6C). Unlike phagolysosomes in WT epidermal
cells that were characterized by heterogeneous contents such
as vesicles, particles, and multilayers of membrane (Figure 6C),
the HRP-labeled phagosomes in crqKG01679/Df(2L)al epidermal
cells appeared more homogeneous in content (Figures 6D–
6G). The variation in the extent of DAB labeling probably reflects
the variable amounts of dendrite debris in these phagosomes. In
contrast to theWT, crqKG01679/Df(2L)al epidermal cells contained
many large-sized phagosomes (Figure 6H) that appeared to arise
from phagosome fusion (Figures 6E–6G). As homotypic fusion
rarely occurs among cell corpse-derived phagosomes (Kinchen
and Ravichandran, 2008) or phagosomes in control epidermal
cells, these observations implicate a direct or indirect role for
crq in the prevention of homotypic phagosome fusion.
To characterize howCrqmay regulate the dynamics of phago-
some maturation, we conducted time-lapse imaging of dendrite
pruning with the CD4-tdGFP marker. In the WT prepupa, newly
formed phagosomes gradually lost GFP signals and became
smaller (Figure 6I and Movie S4). In contrast, phagosomes in
crq mutant cells often fused with one another (Figure 5J and
Movie S5), leading to stronger GFP signals that persisted in these
phagosomes. Todetermine the stageatwhichphagosomematu-
ration is arrested, we incorporated the early phagosome marker
GFP-2xFYVE (Wucherpfennig et al., 2003), which binds to
PtdIns(3)P on the membrane of early phagosomes, and the late
phagosome marker Rab7-GFP. We found that crq knockdown
did not prevent recruitment of GFP-2xFYVE and Rab7-GFP to
tdTom-labeled phagosomes during dendrite degeneration in
prepupae (Figures S6A–S6A00 and S6C–S6C00) or larvae (Figures
S6E–S6E00 and S6G–S6G00). The dendrite-derived phagosomes
were found toprogress beyond thePtdIns(3)P+early phagosome
phase and Rab7+ late phagosome phase, as tdTom-labeled
phagosomes no longer showed colocalization with GFP-2xFYVE
or Rab7-GFP when examined at 18 hr APF in dendrite pruning
(Figures S6B–S6B00 and S6D–S6D00) or 20 hr AI in dendrite injury
(Figures S6F–S6F00 and S6H–S6H00). Time-lapse imaging re-
vealed that, in both WT (data not shown) and crq-knockdown
epidermal cells (Figure 6K), Rab7-GFP was recruited to the pe-
riphery of phagosomes to form ring structures within 8–15 min
of dendrite breakdown and then released from the phagosomes
after 30–60 min. The phagosomes became condensed upon
dissociation with Rab7-GFP. In crq-knockdown (Figure 6K) but
not WT cells, fusion and fission of tdTom-labeled phagosomesoccurred frequently during and after the Rab7-GFP+ stage.
Together, these data suggest that Crq is not necessary for phag-
osomes to progress through the Rab7+ stage but is required for
the suppression of homotypic phagosome fusion and the degra-
dation of phagosome contents.
drb Is Required for Phagosome Maturation during
Dendrite Clearance
To identify new players in phagosomematuration, we conducted
a small-scale RNAi screen with selected candidate genes. We
found that an uncharacterized CD36 family member, CG1887,
is also involved in the clearance of degenerating dendrites.
Knockdown of CG1887 in the epidermis did not prevent initial
phagosome acidification (data not shown) or block GFP degra-
dation in pupae (Figures 7A and 7D) or larvae (Figures 7B and
7D), but it blocked formation of large patchy phagolysosomes
in pupae (Figure 7A0) and the degradation of tdTom in larvae (Fig-
ures 7C and 7D), suggesting that CG1887 is required for the late
phase of phagosome maturation. Based on the phenotype of
incomplete clearance, we name CG1887 debris buster (dsb).
The longest isoform of dsb transcripts encodes a double-span
transmembrane protein of the CD36 family (Figure S7A). We
were not able to examine the dendrite clearance phenotype in
dsb mutants as the only available allele of dsb, dsbf07156, which
bears a PBac insertion in the coding region (Figure S7B), causes
embryonic lethality of both homozygotes and trans-heterozy-
gotes with dsb deficiencies. The effectiveness of dsb RNAi
was confirmed by the potent knockdown of Dsb-GFP transgene
expression by UAS-dsb RNAi designed against the last exon of
dsb with no predicted off-targets (Figures S7C and S7E), but not
by the control UAS-crq RNAi (Figures S7D and S7E).
Because larvae expressing Dsb-GFP in the epidermis were
sick after 72 hr AEL and showed spontaneous dendrite frag-
mentation (Figures S7F–S7F00), while pupae with Dsb-GFP
expression in the epidermis showed normal dendrite pruning,
we focused on examining the distribution of Dsb transgenes in
the pupa. Dsb-GFP is localized in intracellular vesicles that
largely coincide with tdTom+ phagosomes even though Dsb-
GFP and tdTom are differentially enriched in these phagosomes
(Figures 7E–7E00). While only a small portion of Dsb-GFP vesicles
overlapped with Rab7+ donut structures (Figures 7F–7F00), Dsb-
HA showed more extensive overlap with GFP-LAMP (Figures
7G–7G00), suggesting that Dsb is mainly localized in degradative
compartments such as lysosomes and phagolysosomes. As the
mammalian CD36 family member with the highest homology to
Dsb is the lysosomal membrane protein LIMP-2 (Kuronita
et al., 2002), this subcellular localization may reflect an evolu-
tionarily conserved function shared by Dsb and LIMP-2.
The clearance phenotypes caused by dsb knockdown are
similar to those of Lamp1 RNAi, indicating that Dsb functions
downstream of Rab7. Indeed, knockdown of Rab7 in pupal
epidermal cells blocked association of Dsb-GFP with tdTom+
phagosomes (Figures 7H–7H00), whereas knocking down dsb
did not disrupt the association of Rab7-GFP with tdTom+ phag-
osomes (Figures 7I–7I,00 compared to Figures 2C–2C00). Since
dsb RNAi did not prevent the association of GFP-LAMP with
tdTom-labeled phagosomes in epidermal cells (Figures 7J–7J00,
compared to Figures 2D–2D00), Dsb probably acts downstreamNeuron 81, 544–560, February 5, 2014 ª2014 Elsevier Inc. 553
Figure 6. Loss of crq Leads to Homotypic Fusion among Dendrite-Derived Phagosomes
(A) TEM image of lysosomes/phagolysosomes in a w1118 pupal epidermal cell at 16 hr APF.
(B–G) TEM images of dendrite debris-derived phagosomes in epidermal cells of ppk-Gal4>HRP-GPI (B and C) and crqKG01679/Df(2L)al, ppk-Gal4 >HRP-GPI (C–F)
pupae at 16 hr APF. Dendrite-derived phagosomes are distinguished by intraphagosomal DAB staining. (B) and (D) are low-magnification views and (C) and (E)–
(G) are high-magnification views. The asterisks mark the compartments that are of the typical phagolysosome morphology (A and C). Arrows point to apparent
boundaries between individual phagosomes within giant phagosomes in crq mutant animals (E–G).
(H) Size distribution of DAB+ phagosomes in ppk-Gal4>HRP-GPI (WT) and crqKG01679/Df(2L)al, ppk-Gal4 > HRP-GPI (crqKG/Df) based on their areas in TEM
sections. Black bars represent the mean and red bars represent SD. ***p < 0.001; Student’s t test.
(I) Time-lapse images showing degradation of CD4-tdGFP-labeled dendrite debris in WT. Arrows point to the dendrite remnants that gradually reduce sizes and
lose GFP signals.
(J) Time-lapse images showing the persistence of GFP and fusion of GFP+ phagosomes in crqKO. Blue arrows point to a bigger phagosome that fuses with two
smaller phagosomes (yellow arrows). Yellow arrowheads indicate the shape change of the phagosome during imaging. The images in (I) and (J) are projections of
nine continuous optical sections covering 9 mm thickness.
(legend continued on next page)
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derived phagosomes.
The Phagocytic Activity of Epidermal Cells Facilitates
Dendrite Fragmentation during Degeneration
Besides dendrite clearance defects, we frequently observed
delay of dendrite fragmentation when genes involved in engulf-
ment and phagosome maturation were knocked down in
the epidermis. We quantified this effect in animals expressing
RNAi against Drpr, Vps16A, and WASp. Knockdown of
Vps16A, a subunit of the class C Vps complex required for lyso-
somal delivery (Pulipparacharuvil et al., 2005; Rieder and Emr,
1997), in epidermal cells blocked degradation of CD4-tdGFP
on dendrite debris (data not shown). WASp is a regulator of actin
polymerization involved in the formation of the phagocytic
cup during engulfment (Lorenzi et al., 2000; Zhang et al., 1999)
and can be partially knocked down with RNAi expression in
epidermal cells (Figures S8A and S8A0). Dendrite fragmentation
was delayed in dendrite pruning when these RNAi constructs
were expressed in the epidermal sheets so that many abdominal
segments contained ppk-CD4-tdGFP-labeled dendrites longer
than 50 mm at 16 hr APF (Figures 8B–8E), while no such
branches were detectable in control animals (Figures 8A and
8E). Knockdown of these genes also led to an increase in the
length of unfragmented dendrites at 6 hr AI (Figures 8G–8J)
compared to the control (Figures 8F and 8J) in larvae with
dendrite injury. By expressing GFP-moesin (GMA) in epidermal
cells to label actin filaments (Kiehart et al., 2000) and CD4-
tdTom in class IV da neurons to label dendrites during fragmen-
tation, we monitored phagocytic interactions of epidermal cells
with dendrites via time-lapse imaging. In control prepupae,
low-order dendrite branches that showed signs of degeneration
such as thinning and beading (Williams and Truman, 2005) were
wrapped by dynamic, actin-rich membrane structures of
epidermal cells throughout the process of fragmentation (Fig-
ure 8K and Movie S6). In contrast, drpr RNAi expression in the
epidermis caused the lower order dendrite branches to degen-
erate without being associated by actin-rich epidermal mem-
branes (Figure 8L and Movie S7). These data show that, rather
than just internalizing disintegrated dendrite pieces, epidermal
cells wrap degenerating dendrites with actin-rich membrane
structures through Drpr-mediated recognition to facilitate
dendrite breakdown.
DISCUSSION
Removal of nonfunctional or damaged tissues is an important
biological process during tissue remodeling or repair. Here we
show that, for Drosophila class IV da neurons in the periphery,
degenerating dendrites in both dendrite pruning and injury
models are removed by neighboring epithelial cells rather than
professional phagocytes. By developing multiple dendritic(K) Time-lapse images showing the dynamics of CD4-tdTom-labeled phagosome
Rab7-GFP+ phagosome that sequentially fused with two smaller phagosomes (y
fission of the phagosome. Rab7-GFP had been released from the phagosome in
Rab7-GFP+ vesicles. Phagosome fusion and fission events in (J) and (K) were co
Scale bars represent 500 nm in (A)–(G); 5 mm in (I) and (J); and 2 mm in (K). See amarkers that label phagosomes differentially, we established
the clearance of degenerating dendrites as an in vivo model to
study phagocytosis. With these tools, we analyzed key players
in engulfment and phagosome maturation, and elucidated roles
of the CD36 family members Crq and Dsb. Our study further re-
veals that, as phagocytes, epidermal cells actively participate in
not only the removal but also the fragmentation of degenerating
dendrites.
Epidermal Cells Mediate the Clearance of Degenerating
Dendrites
Professional phagocytes such as macrophages in vertebrates
and plasmatocytes in Drosophila dispose the majority of
apoptotic cells in development, as well as invading microorgan-
isms during infection (Meister, 2004; Rabinovitch, 1995). How-
ever, nonprofessional phagocytes may take charge when
macrophages or other professional phagocytes are absent or
cannot easily access cell corpses, as in apoptosis of rat lens
cells (Ishizaki et al., 1993), follicular atresia (Inoue et al., 2000),
and degeneration of Drosophila egg chambers induced by
protein deprivation (Etchegaray et al., 2012). This scenario
does not apply to Drosophila da neuronal dendrites, which are
exposed to circulating plasmatocytes in the hemolymph and
sessile plasmatocytes clustered around da neuron somas (Bab-
cock et al., 2008; Makhijani et al., 2011). Indeed, previous obser-
vation of dendrite debris engulfment by plasmatocytes during
dendrite pruning has led to the conclusion that plasmatocytes
clear pruned dendrites (Williams and Truman, 2005). Our finding
that clearance of degenerating dendrites is mainly carried out
by epidermal epithelial cells demonstrates that nonprofessional
phagocytes are not just a substitute for professional phagocytes
in their absence. Rather, plasmatocytes and epidermal cells
probably carry out different functions reflecting specialization
of cellular functions. The removal of pruned dendrites by
Drosophila epidermal cells perhaps can be seen as a parallel
to the clearance of photoreceptor outer segments by retinal
pigment epithelial cells (Young and Bok, 1969); in both cases
epithelial cells maintain homeostasis of the nervous system
as part of their physiological functions. The observation that
epidermal cells are also responsible for clearing injured den-
drites indicates that the same cellular mechanism is also used
to cope with perturbations in the peripheral nervous system.
Epithelial cells may profoundly influence the development of
dendritic arbors of da neurons. During larval development,
growing epithelial cells signal to the dendritic arbors so they
can grow proportionally to epithelial cells in order to maintain
the same coverage of receptive fields of the sensory neurons,
a phenomenon known as dendritic scaling (Parrish et al.,
2009). Epithelial cells also contribute to the patterning of den-
dritic arbors of da neurons by tethering dendrites to the 2D
space of the extracellular matrix so that dendrites have to avoid
sister dendrites from the same neuron (self-avoidance) ors in epidermal cells expressing crq RNAi and Rab7-GFP. Blue arrows point to a
ellow arrows). Yellow arrowheads indicate the shape change and subsequent
the last frame. Each panel shows a single optical section to avoid stacking of
nfirmed in 3D views with the Imaris software.
lso Figure S6 and Movies S4 and S5.
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Figure 7. dsb Encodes a Lysosome/Phagolysosome Protein Required for PhagosomeMaturation during the Degradation of Dendrite Debris
(A–A0) Clearance of pruned dendrites in dsb knockdown driven by en-Gal4.
(B and C) Clearance of injured dendrites by epidermal cells expressing dsb RNAi driven by Gal4I-76-D, Gal4A58. Gal4I-76-D is expressed in epidermal cells at
embryonic and early larval stages and enhances the dsb knockdown phenotype.
(D) Quantification of tdGFP and tdTom in dsb knockdown in both dendrite pruning and dendrite injury models. Retention of tdTom in dendrite pruning is not
shown. Error bars show SEM. **p < 0.01, ***p < 0.001; ns, not significant; Student’s t test.
(E–E00) Colocalization of Dsb-GFP with tdTom in phagosomes derived from pruned dendrites at 18 hr APF, shown as projections of four continuous optical
sections covering 2 mm thickness.
(legend continued on next page)
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Figure 8. The Phagocytic Activity of Epidermal Cells Facilitates Dendrite Fragmentation during Dendrite Pruning and after Dendrite Injury
(A–D) Degeneration of CD4-tdGFP-labeled dendrites at 16 hr APF inWT (A) and animals expressing RNAi constructs against drpr (B),WASp (C), and Vps16A (D) in
pupal epidermal cells driven by Gal45-56.
(E) Quantification of abdominal segments showing > 50 mm dendrites in the WT control and animals expressing drpr, WASp, Vps16A RNAi.
(F–I) Degeneration of CD4-tdGFP-labeled dendrites at 6 hr AI in WT (F) and larvae expressing RNAi against drpr (G),WASp (H), and Vps16A (I) in epidermal cells
driven by Gal4A58. Sites of injury are indicated by arrowheads.
(J) Quantification of dendrites in animals expressing drpr, WASp, and Vps16A RNAi and their corresponding controls at 6 hr AI. The controls are UAS-RNAi
without the Gal4A58 driver. Error bars show SEM. *p < 0.05, ***p < 0.001; Student’s t test.
(K–L) Time-lapse images showing fragmentation of low-order dendrite branches labeled by CD4-tdTom and dynamics of epidermal actin filaments labeled by
GMA in an en-Gal4 control pupa (K) and a pupa expressing en-Gal4 > drpr RNAi (L). Images shown are projections of eight continuous optical sections covering
6.4-mm-thick tissues and are representative of 16 and 32 time-lapse series for the control and drpr knockdown, respectively. Actin-rich epidermal membranes
surrounding degenerating dendrites in the control pupa are indicated by arrowheads.
Scale bars represent 50 mm in (A)–(D); 10 mm in (F)–(I); and 10 mm in (K) and (L). See also Movies S6 and S7.
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Epidermal Cells Clear Degenerating Dendritesdendrites from neighboring like-neurons (tiling) (Han et al., 2012;
Kim et al., 2012). Our finding that epithelial cells mediate the
clearance of degenerating dendrites (this study) substantially
adds to the growing list of dendrite properties regulated by
epithelial cells.(F–F00) Partial colocalization of Dsb-GFP with Rab7 in pupal epidermal cells at 18 h
thickness.
(G–G00) Extensive colocalization of Dsb-HA with GFP-LAMP in pupal epidermal
covering 3 mm thickness.
(H–H00) Epidermal cells expressing Rab7 RNAi driven by Gal45-56 at 18 hr APF sho
derived phagosomes. Images shown are projections of nine continuous optical s
(I–J00) Epidermal cells expressing dsbRNAi driven by en-Gal4 at 18 hr APF showing
tdTom in phagosomes. Images shown are projections of three continuous optical
covering 2.5 mm thickness in (J–J00).
Arrows in (E)–(J00) point to a few representative vesicles. Scale bars represent 10CD36 Family Members in Engulfment and Phagosome
Maturation
The vertebrate CD36 family members CD36 and scavenger re-
ceptor class B type I (SR-BI) mediate phagocytosis of apoptotic
cells and microbial pathogens in vitro (Krieger, 1999; Silversteinr APF, shown as projections of 19 continuous optical sections covering 5.5 mm
cells at 14 hr APF, shown as projections of ten continuous optical sections
wing the lack of colocalization between Dsb-GFP and CD4-tdTom in dendrite-
ections covering 3.5 mm thickness.
substantial colocalization of Rab7-GFP (I–I00) and GFP-LAMP (J–J00) with CD4-
sections covering 1.3 mm thickness in (I–I00) and five continuous optical sections
mm. See also Figure S7.
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family member Crq is required for efficient phagocytosis of cell
corpses in embryos (Franc et al., 1999) and mediates binding
of apoptotic cells by in vitro cultured cells (Franc et al., 1996),
leading to its proposed role as a receptor for apoptotic cells. In
this study, we show that in epithelial cells crq is required for
phagosome maturation but not for the engulfment of degenerat-
ing dendrites. As loss of crq does not completely abolish the
engulfment of apoptotic cells in the embryo (Franc et al.,
1999), it is possible that the cell-corpse clearance defect in crq
mutant embryos may be a consequence of blocked phagosome
maturation. An alternative possibility is that Crq may be required
for engulfment and/or phagosome maturation of apoptotic cells
by embryonic macrophages but only required for phagosome
maturation of pruned or injured dendrites by epithelial cells.
This could be due to the fact that macrophages have to actively
search for and bind apoptotic cells, while epithelial cells engulf
neighboring debris. Further experiments will be needed to deter-
mine whether Crq also plays a role in phagosome maturation
during phagocytosis by macrophages.
Loss of Crq function resulted in the fusion of dendrite-derived
phagosomes accompanied with a failure of degradation of
phagosome contents, most likely due to inefficient delivery of
degradation machineries to late phagosomes. As phagosomes
normally acquire hydrolases and other phagolysosomal compo-
nents by fusing with endosomes and lysosomes, we hypothesize
that Crq suppresses homotypic phagosome fusion to promote
fusion between phagosomes and late endosomes/lysosomes.
Homotypic phagosome fusion rarely happens during normal
phagocytosis but is induced by infection of bacterial pathogens
such as Helicobacter pylori and Chlamydia trachomatis (Allen
et al., 2000; Majeed et al., 1999); the ability of different strains
of H. pylori to induce phagosome fusion correlates with the
virulence and intracellular survival of these bacteria (Allen
et al., 2000; Schwartz and Allen, 2006). Therefore, regulation of
the balance between homotypic phagosome fusion and hetero-
typic fusion between phagosomes and late endosomes/lyso-
somes is probably critical for the degradation of internalized
materials.
The Drosophila genome encodes fourteen CD36 family mem-
bers. Besides the involvement of Crq in phagocytosis, another
member Pes mediates mycobacteria infection (Philips et al.,
2005). In this study, we found that the CD36 family member
Dsb regulates late stages of phagosome maturation. Interest-
ingly, LIMP-2, the mammalian CD36 family member with the
highest homology to Dsb, is an intrinsic lysosomal protein
required for the degradation of Listeria in phagosomes (Carra-
sco-Marı´n et al., 2011). Dsb and LIMP-2 thus appear to have
evolutionarily conserved functions in phagosome maturation.
Phagocytes Promote Neurite Degeneration
Phagocytes not only clear cell corpses but may also engulf still-
living cells and promote cellular degeneration in many contexts
(Conradt, 2002). In this studywe show that efficient degeneration
of dendrites requires the coordination with phagocytic epithelial
cells. One mechanism for such coordination is the Drpr-medi-
ated recognition of degenerating dendrites by epidermal phago-
cytes that form actin-richmembrane structures wrapping around558 Neuron 81, 544–560, February 5, 2014 ª2014 Elsevier Inc.the dendrites to facilitate their fragmentation. In the postnatal
mouse brain, microglia actively induce apoptosis of Purkinje
cells by producing superoxide ions (Marı´n-Teva et al., 2004). It
remains to be determined whether nonprofessional phagocytes
such as epidermal cells also promote neurite degeneration by
emitting diffusible agents.
EXPERIMENTAL PROCEDURES
Live Imaging and Dendrite Lesion
Animals were reared at 25C in density-controlled vials. Pupae older than 12 hr
APF were dissected out of pupal cases and mounted in imaging chambers
constructed on regular glass slides.
Prepupae (before 12 hr APF) were directly mounted in the imaging chamber.
For dendrite lesion, anesthetized larvae at 72 hr AEL mounted on slides were
targeted using a 930 nm two-photon laser at the primary dendrites of ddaC
neurons. Animals were recovered on grape juice agar plates following lesion
and imaged at appropriate times. All imaging was done using a Leica SP5
microscope. Unless noted otherwise, confocal images shown in all figures
are maximum intensity projections of z stacks encompassing the epidermal
layer and the sensory neurons beneath, which are typically 8–10 mm for larvae
and 12–15 mm for pupae.
The detailed descriptions forDrosophila stocks, molecular cloning, targeting
of the crq locus, RNAi and Shits expression, immunohistochemistry, imaging,
TEM, image analysis, and quantification can be found in the Supplemental
Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
eight figures, and seven movies and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2013.11.021.
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